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ABSTRACT 
The vast differences in strength, ultimate strain and modulus during high strain rate 
(HSR) deformation of materials have been a very long-standing subject of engineering interest. 
This thesis deals with characterization of mechanical properties of two composite materials, 
balanced angle-ply graphite epoxy laminates (fibrous composite) and syntactic foams (particulate 
composite). The focus of this study is to compare the mechanical properties of these composite 
materials at high strain rates and quasi-static conditions and to find out the effects of failure 
modes on HSR mechanical properties of these materials.  
Split Hopkinson Pressure Bar (SHPB) apparatus is used for the HSR testing of balanced 
angle-ply IM7/8551-7 graphite/epoxy laminates and syntactic foams at varying strain rates, 
ranging from 500 s-1 to 1700 s-1. Graphite/epoxy laminates with seven different fiber orientations 
including longitudinal and transverse are used in this study. Syntactic foams of four different 
densities are used in order to observe the density effect on the HSR properties. The aspect ratio 
(L/D) of all the specimens is kept equal to one. Failed specimens are consequently observed 
under optical and scanning electron microscope in order to understand the fracture modes of 
these materials.  
The results of the tests on both materials demonstrate considerable increase in peak 
strength and the elastic modulus under HSR.  It is also observed that the failure strain values vary 
considerably with increasing strain rate. Fiber orientation, in case of balanced angle-ply graphite 
epoxy laminates and density in case of syntactic foams are found to influence the HSR 
mechanical properties and strain rate sensitivity of peak stress. Delamination caused by edge 
effects is the prominent mechanism of failure for graphite/epoxy specimens whereas vertical 
cracking through cenospheres is recognized to be the dominant mode of failure for syntactic 
 x 
foam specimens under HSR testing conditions. These results are essential for conducting realistic 
numerical simulations for safe design of structures. 
 1 
1 INTRODUCTION 
1.1 General Introduction 
Polymers reinforced by second phase have a number of attractive material properties such 
as high specific stiffness and strength, fatigue behavior, tailorability, and corrosion resistance 
which make them suitable for use in structural applications. The second phase (reinforcement) in 
these kinds of composites can be of any form such as fibers, particles or flakes. A major concern 
in the use of these composite materials is their susceptibility to damage resulting from effects of 
rapidly applied loads occurring over a short period of time.  
Graphite/epoxy is one of the most popular materials of this class. A large number of its 
applications such as armor, naval and aerospace structures using graphite/epoxy composites 
involve dynamic loading. The stress wave generated during an impact can travel at velocities 
considerably greater than the velocity of the projectile/ impactor and can cause damage to the 
body. Since the material deformation and failure processes are greatly influenced by these 
loading conditions, the inherent multiphase structure of composites result in complex failure/ 
fractures of constituent elements. The failure mechanisms are obviously more complex than 
those of monolithic materials. Composites material constructions involved in these applications 
almost always utilize the static properties in their material selection and design, because of 
unavailability of dynamic properties. The use of static properties in the study of structures that 
undergo dynamic loading can produce excessive design weight or cause unexplained and 
untimely failure.  
Another example of these kinds of reinforced polymeric  materials is syntactic foam, 
which is produced by the mechanical mixture of cenospheres (hollow particles) in polymeric 
resin matrix. These materials are classified as close pore foams, as the porosity in syntactic 
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foams exists in the form of hollow particles. Syntactic foams are commonly used as core 
materials for sandwich structured composites. High specific compressive strength, lower 
moisture absorption coefficient compared to the open cell structured foams, high tailorability of 
mechanical properties of these materials make them suitable for weight sensitive structural 
applications. Applications of these type of composites in aircraft and marine structure 
components and, shock absorbing packaging require strong understanding of the dynamic 
mechanical properties of syntactic foams. This is necessary because the impact loading 
conditions may significantly alter the mechanical response of the material.  Hence, syntactic 
foams should also be characterized for high strain rate properties by carefully controlled 
experiments.   
1.2 Previous Work  
A variety of techniques have been tried till date to achieve medium and high strain rate 
response of composite materials. Barr and Bouamarata [1] have studied the flexural dynamic 
properties of fiber reinforced concrete materials using a drop weight apparatus. Here they found 
that as the fiber content was increased progressively from 0.25% to 1.0% fiber content, the 
number of impacts required to cause failure of the specimens increased. Dynamic three-point 
flexure tests have been performed by Boukhili [2] on glass fiber reinforced polyesters at strain 
rates of up to 80 s-1. Results obtained from these tests include that shear strength and flexural 
strength increase with loading rate, with rate effects greater in glass-polyester than in glass-
epoxy. Limited data on tensile behavior of fibrous composites at high strain rates have been 
obtained by Daniel [3] using the expanding ring technique. These tests carried on graphite-epoxy 
specimens at the strain rates of 500 s-1 showed that there is an increase in longitudinal, transverse 
in-plane shear moduli, as well as higher in-plane and transverse strengths. For a direct 
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determination of material properties at strain rates between 200 and 104s-1, the most widely used 
technique used for testing metals is the Split Hopkinson Pressure Bar (SHPB), first introduced by 
Kolsky [4].  By using the SHPB technique, the effects of strain rate on tensile properties of glass-
epoxy angle-ply laminates were investigated by Stabb and Gilat [5]. They showed that the tensile 
strength is higher in dynamic tests and more pronounced when specimen made of smaller angles 
are used. Gilat et al. [6] studied the strain rate sensitivity of IM7/977-2 carbon/epoxy composite 
under dynamic tensile loading and found the material to be highly strain rate sensitive. In 
particular, they have found that the composite is more strain rate sensitive at shallower angles.  
Lataillade [7] has investigated the tensile strain rate behavior of E-glass/epoxy ( +45o) cross-ply 
laminates using a servo-hydraulic testing machine and a Hopkinson pressure bar. Results of this 
study show that the mechanical parameters related to interlaminar shear loading follow a 
logarithmic evolution law and damage initiation of composite materials under interlaminar shear 
loading increases at low and intermediate strain rates. Even though these studies mentioned here 
represent some aspects of dynamic properties investigations of angle-ply laminates, there are 
only limited data of dynamic compressive properties of balanced angle-ply laminates. 
Detailed studies of quasi-static properties of syntactic foams can be found in the literature. 
Particularly, large number of studies on compressive [8-13] tests of these materials is available in 
the published literature. Dynamic tests are also conducted in industry to characterize the impact 
energy behavior of a variety of rigid polymers using drop weight tower [14] or simulated head 
impact using dynamic impact sled [15].  High strain rate mechanical properties of metallic foams 
have been studied by many researchers using the Split Hopkinson Pressure Bar (SHPB) 
technique [16-19].  These studies suggest that compressive flow stress of the Al-foam is a 
function of the relative density but does not exhibit strain rate sensitivity.  High strain rate 
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compressive behavior of a rigid polyurethane foam with various densities is determined by Chen 
et. al. [20].  They found the peak stress to be strain rate sensitive and expressed it in terms of the 
square of the foam density.  Tensile and compressive properties of polystyrene bead (PSB) 
foams at various temperatures and strain rates are studied extensively by Rinde et. al. [21].  
Some of the previous studies on the dynamic properties of cellular materials such as honeycombs 
can also be found in the published literature [22 & 23].  These studies found an increase of 20 to 
70% in the dynamic crush strength at impact velocities of 30 m/s. Energy absorption 
characteristic of variety of composite materials, sandwich structures, polymeric foams and 
metallic foams with different densities have been evaluated under high strain rates by various 
other researchers as well [24-27].   
1.3 Present Work 
The intent of this thesis is to determine material properties of practically useful materials 
for better design of composite material structures in high strain rate applications. Such data are 
essential for conducting realistic numerical simulations for safe design of structures. Two 
composite materials, balanced angle-ply graphite epoxy laminates (fibrous composite) and 
syntactic foams (particulate composite) were chosen for study. The need for testing balanced 
angle-ply laminates has been explained in the following paragraph whereas almost lack of data 
for high strain rate mechanical properties of syntactic foams is the driving force behind the study 
of these novel sandwich core materials.   
Vinson and Woldesenbet [28] have conducted a series of tests for the compressive 
mechanical properties of unidirectional graphite/epoxy laminate composites at various off-axis 
angles. Their study showed that specimens having 60o off-axis fiber orientation failed in shear 
mode giving lower amount of stress and strain values than expected. This was attributed to the 
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in-plane shear stress coupling.  It is very important to study the high strain rate effects on 
balanced angle-ply laminates because they behave as orthotropic layers with respect to in-plane 
forces and strains, that is, there would be no coupling between the normal stress (or forces) and 
shear strain. This is possible when the terms A16 and A26 in an extensional stiffness matrix, [A], 
are zero, as shown in Equation (1).  
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where Nx  represents force per unit width applied in the x direction and 0xe , 
0
ye  and 
0
xyg  represent 
mid-plane strains in the respective directions.  
In this thesis, a systematic study of strain rate effects on the response of symmetric 
balanced angle-ply graphite/epoxy laminates is presented. The compressive SHPB technique is 
used to develop strain rates of 500 s-1 to 1500 s-1. Solid cylindrical specimens with an aspect ratio 
(L/D) of 1, and fiber orientations of 0o (longitudinal direction), +15o, +30o, +45o, +60o, +75o and 
90o (transverse direction) are used for the tests.  
In addition to the above, schematic study of high strain rate properties of syntactic foams 
with four different densities is conducted at the strain rates up to 1800 s-1 with the aid of SHPB. 
Solid cylindrical specimens of aspect ratio of 1 are used for the tests.  
In both cases, the results of the high strain rate tests are subsequently compared to quasi-
static tests. Significance of strain rate effects on the values of compressive strength, failure strain 
and compressive modulus has been observed. Another objective of the present study is to 
provide insight into energy absorption features of the syntactic foam under high strain rate 
conditions for various densities of the foam.  Also microscopic observations regarding the failure 
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mechanisms for both types of composite materials are presented. Various conclusions regarding 
the relationships between damage mechanisms and high strain rate mechanical properties of 
tested materials are drawn. 
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2 SPLIT HOPKINSON PRESSURE BAR APPRATUS AND 
PROCEDURE 
 
This chapter introduces and fully develops the theory behind compressive Split Hopkinson 
Pressure Bar (SHPB) testing. It begins by developing the equations for calculating the specimen 
stress, strain, and strain rate. This chapter then presents a typical SHPB setup for the compressive 
high strain rate test at the Composite Materials Laboratory at Louisiana State University. The 
basis for various testing precautions and data acquisition are described in brief. The basic 
procedure of performing the test is described at the end of the chapter. 
The SHPB is the most commonly used apparatus for determining material properties at high 
strain rates. The principal application of the SHPB has been in the study of the transient response 
of materials to dynamic loading. The theory governing the specifics of SHPB testing method has 
been around for decades.  
The SHPB apparatus consists of two pressure bars of constant cross section Ao, elastic 
modulus E, and density r as shown in Figure 1.  Here a test specimen can be seen as a sandwich 
between two bars. The term ‘c’ in Figure 1 is formulated as ‘Co’ in the following paragraph and 
is the wave velocity in any particular material. Since the two bars are identical, it is only 
necessary to consider one of them in developing the equation of motion governing axial 
vibration. Typically the length-to-diameter ratio of the pressure bar used in SHPB is ten or 
greater [29]. 
It can be shown that Co is the wave velocity and can be calculated from Equation 2, 
Co = rE/  (2) 
where E and r are the bars elastic modulus and mass density, respectively. 
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Figure 1 Schematic of materials properties in SHPB 
 
 
.  
Figure 2 Schematic of cylindrical specimen 
2.1 Calculation of The Specimen Stress, Strain-Rate and Strain 
The following section derives the expressions for calculating specimen stress, strain rate, 
and strain. 
2.1.1 Specimen Stress 
The average stress in the specimen can be expressed in terms of the forces exerted on 
each surface of the specimen. A schematic representation of any specimen is shown in Figure 2. 
When the specimen is sandwiched between the pressure bars forces F1(t) and F2(t) exist on the 
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specimen of instantaneous diameter DS. The average force on the specimen is given by Equation 
3.  
FAVG (t) = 
2
     (t)F    (t)F 21 +
 
(3) 
and hence the average stress on the cylindrical specimen is given by Equation 4. 
s AVG = 2AVG
(t)F 4
sDp
 (4) 
The forces F1(t) and F2(t) acting at the specimen surfaces are due to the pressure bars. For a 
specimen in dynamic equilibrium, the forces at the ends of the pressure bars may be expressed in 
terms of the incident and reflected pressure bar strains as given in Equation 5.  
F1 (t) = 
4
E
[eI (t) + eR (t)] p 2BarD  
(5) 
F2 (t) = 
4
E
eT (t) 2BarD  
 
(6) 
where DBAR is the diameter of the pressure bars. Substituting Equations 3-6 into Equation 4 
results in an expression for the average stress on the specimen in terms of the pressure bar strains 
sAVG (t) = 2BarED  [eI (t) + eR (t) + eT (t)]
22 sD  
(7) 
If the specimen deforms uniformly, the strains in the incident bar are equal to the strain in the 
transmitter bar as depicted in Equation 8. 
eI (t) + eR (t) = eT (t) (8) 
And the expression for the average specimen stress can be reduced to Equation 9. 
sAVG (t) =eT (t) 2BarED
2
sD  
(9) 
This equation shows that the specimen stress is proportional to the amplitude of the strain 
transmitted through the specimen into the transmitter bar. 
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2.1.2 Specimen Strain-Rate and Strain 
The average strain rate is defined as the average strain divided by the time over which the 
straining occurs. Strain indicates displacement, which divided by time indicates velocity. The 
specimen strain rate may be calculated from the pressure bar-specimen interface velocities. 
These interface velocities can be calculated from the strains in the pressure bars. To derive the 
expressions for the specimen strain rate and strain in terms of the pressure bar strains, the 
equation of motion for the pressure bar can be given by Equation 10, 
2
1
22
0
y
uC
¶
¶
= 2
1
2
t
u
¶
¶
 
(10) 
Recognizing that for harmonic waves ¶2u1/ ¶t2 is equal to ¶ v/ ¶t where v is the particle velocity, 
and that  
 E
y¶
¶
[¶u1  ¶y] = ¶p  ¶y 
 
(11) 
where p is the stress across the cross section, the equation of motion can be rewritten in terms of 
the pressure and velocity across the bar cross section as 
- 
y
typ
¶
¶ ),(
 = r 
t
v
¶
¶
 
(12) 
Notice from equation 12 that to solve for the particle velocity in a bar requires knowledge of the 
pressure in the bar. If we assume a positive traveling harmonic wave of the form 
P (y, t) = Pei(wt-ky) (13) 
where P is the amplitude of the pressure, w is the frequency, t is the time, k is the wave number 
and is defined as k = w/ C0  , and y is the spatial location of the wave an expression for the 
instantaneous particle velocity can be derived. Taking the first derivative of Equation 13 with 
respect to y, one arrives at 
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y
typ
¶
¶ ),(
= - ikPei(wt-ky) 
(14) 
Substituting this derivative into Equation 12 and pre-multiplying the RHS of Equation 10 by the 
heavyside operator, one attains  
ikPei(wt-ky) = r iw v(y,t) (15) 
which can be solved for the particle velocity, given by Equation 16. 
v(y,t) = 
rw
k
Pei(wt-ky) 
(16) 
Substituting the expression for k and p(y,t) back into the expression for the particle velocity 
yields as in Equation 17. 
v(y,t) = 
0
1
Cr
P (y,t) 
(17) 
where P is the pressure across the cross section. For a uniaxial state of stress, the pressure is 
equal to the stress over the pressure bar cross section. Therefore, p(y,t) can be written in terms of 
the bar strain by Equation 18. 
P (y,t)= e (y,t)E (18) 
By substituting Equation 17 into Equation 16 yields an expression for the particle velocity in 
terms of the bar strain as given in Equation 19. 
v(y,t)= C0 e (y,t) (19) 
For a negative traveling wave the particle velocity is expression given by Equation 20. 
(y,t) = -C0  e ( y,t) (20) 
With expressions for the particle velocity in terms of the pressure bar strains, specimen strain 
rate can be calculated rather simply. The average strain rate at any given time is given by 
Equation 21. 
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dt
de  = (vinterface2 – vinterface1) L 
(21) 
The velocity at interface 1 is comprised of the incident (+ traveling wave) and the reflected        
(- traveling wave) given as in Equation 22. 
vinterface1 = C0 Ie  - C0 Re  = C0 ( Ie - Re ) (22) 
To calculate the velocity of the second interface only requires knowledge of the strain 
transmitted into the pressure bar. Since the transmitted wave propagates in the positive direction, 
the velocity of interface two appears as a positive quantity in Equation 23. 
Vinterface2 = C0 Te  (23) 
By substituting these interface velocities into the expression for the specimen strain rate yields an 
expression for the specimen strain rate in terms of the pressure bar strains expressed by Equation 
24. 
dt
ed s =
L
eeeC RIT )(0 +--   
(24) 
where the negative sign represents compression. If the specimen deforms uniformly such that 
)(teI + )(teR = )(teT  (25) 
The expression for the specimen strain rate can be reduced to Equation 26. 
dt
ed s = ò- ReL
C02  
(26) 
which can be simply integrated to yield the specimen strain as given in Equation 27. 
)(tes = dtteL
C
R )(
2 0 ò   
(27) 
Though a bit lengthy to arrive at, the equations for calculating specimen properties are rather 
simple to use.  
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2.2 SHPB Setup at Louisiana State University 
A SHPB test setup was designed and built for dynamic type compression testing of various 
materials for strain rates exceeding several hundreds per second. It basically consists of a 
pneumatic loading device, which includes a pressure chamber, gun barrel and release valve.  It 
also consists of incident and transmitted pressure bars and a striker bar supported by Teflon 
bearings. It is the yield strength of the incident pressure bar that limits the maximum attainable 
specimen stress, since the equations developed in previous section are valid only for an elastic 
bar. Before choosing a pressure bar material, careful consideration must be given to the desired 
sample stress levels. To achieve very high strain rates requires reducing the bars’ cross sectional 
area, and consequentially diameter. It is often desirable to have several different pressure bars; 
each suited for testing materials in a certain range of strain rate and strain. Choosing an 
appropriate length for the bars requires that two conditions be met:  
· Length-to-diameter ratio meets requirements for one-dimensional propagation theory 
· Length of bar is at least twice that of the compressive pulse generated during impact 
Most texts suggest that the bar have a length-to-diameter ratio of at least ten [29]. The length of 
the pressure bar affects how much strain a specimen may see, since strain is related to the total 
pulse duration, which is directly related to the length of the pressure bar. To measure the incident 
and reflected pulses independently requires that the bar length exceed twice the length of the 
impact pulse. The pressure bars available at Composites Laboratory at Louisiana State 
University, have properties shown in Table 1. 
The present study is carried out by using a striker bar and pressure bars made from 
maraging steel having very high values of yield strength in order to withstand a very high impact 
velocity. These pressure bars are mounted on a rigid beam. Solid cylindrical composite 
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specimens with intended dimensions are sandwiched between the two pressure bars. The overall 
specimen dimensions are required to be small to minimize the effects of longitudinal and lateral 
inertia and wave dispersion within the specimen. Strain gauges (with resistance of 350 Ohms and 
Gauge Factor of 2.10 at room temperature) are mounted on incident and transmitter pressure bars 
at the distance of 18.5 cm from the junction ends of both pressure bars.   
The schematic diagram of the SHPB apparatus is shown in Figure 3. The loading pulse in 
these experiments is initiated by an axial impact on the free end of the input bar by striker bar, 
which is accelerated through a gun barrel. To control the velocity of the striker bar to a desired 
velocity, the air pressure is controlled by regulators. 
After an impact caused by the striker bar, an elastic compressive wave of constant 
amplitude and a finite duration is generated in the input pressure bar. The incident pulse 
wavelength can be adjusted by using striker bars of different lengths, as the pulse in the incident 
bar is twice the length of the striker bar. The amplitude of the pulse is also directly proportional 
to the impact velocity of the striker bar [30]. When the compressive loading pulse in the incident 
pressure bar reaches the specimen, some part of the pulse gets reflected from the specimen- input 
bar interface, while some part is transmitted to the transmitted bar. The magnitudes of these 
Table 1 Properties of Pressure Bars 
Material Yield 
Strength 
(MPa) 
Wave 
Speed 
(m/s) 
Length of 
Striker Bar 
(m) 
Length of 
Incident Bar 
(m) 
Length of 
Transmitter Bar 
(m) 
Maraging 
AISI Grade 
18Ni (350) 
 
2363 
 
4980 
 
0.152 
 
1.22 
 
0.61 
 
Al 6061-T913 
 
 
455 
 
5060 
 
0.152 
 
1.22 
 
0.61 
 
Inconel 718 
 
 
1100 
 
4940 
 
0.152 
 
1.22 
 
0.61 
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reflected and transmitted pulses will decide the physical properties of the specimen. High 
numbers of internal reflections are experienced in the short specimen during the duration of the 
loading pulse since the loading pulse time is long compared to the wave transit time in the 
specimen. The reflections cause the stress distribution in the specimen to be uniform [31]. The 
proof is provided in next chapter of this thesis. The strain gauges located on the pressure bars are 
connected to a signa l bridge conditioner.  The strain gauge signal is amplified and recorded by 
digital processing oscilloscope. This data from the oscilloscope is transferred to a personal 
computer for further data reduction.  
The strain rate (
.
e ), strain (e) and stress (s) of the specimen are given by Equations 26, 27 
and 9 respectively. From these equations, it is clear that the strain is obtained by integrating the 
reflected pulse and the stress in the specimen from the transmitted pulse.  
Figure 3 Schematic of Split Hopkinson Pressure Bar 
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2.3 Testing Precautions 
It is assumed that one-dimensional theory applies for all calculations in this thesis. 
Geometry plays a major role in determining whether a wavefront can be described by one 
variable or not. As was presented in the previous section, the bar length-to-diameter ratio needs 
to be greater than ten. The most important experimental factor influencing the nature of wave 
propagation is bar alignment. If the striker bar impacts the incident bar at an angle, a non-
uniform wave distribution will exist across the bar cross-section, and hence a multi-dimensional 
strain field will result. This also holds true for the alignment of the incident bar with the 
transmitter bar. By carefully aligning the striker bar with the incident bar such that the two 
remain in the same plane, a one-dimensional wavefront can be attained experimentally. 
The equations leading to specimen stress, strain rate and strain were greatly reduced by 
assuming that the specimen deforms uniformly over its length. Many investigators have been 
concerned with this assumption and have dedicated lengthy studies to it. This paragraph 
describes problems with assuming that the specimen deforms uniformly, and how most 
investigators circumvent these problems. During the compression test the specimen shortens and 
expands. At the pressure bar-specimen interface a frictional constraint exists due to this radial 
expansion. The frictional effects are highest when the specimen is at rest, and then reduce once 
the static friction is broken and the specimen starts sliding. If the ends are restrained in the 
beginning of the test, the middle section of the specimen must deform. This results in a barrel 
shaped specimen, clearly not uniform. By applying thin films of lubricant at the interfaces, this 
frictional constrain can be greatly reduced. Hence, in the present study molybdenum disulphide 
lubricant is applied. 
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Specimen diameters are usually smaller than the pressure bar diameters, since the sample 
expands during the test. It is important to align the centerlines of the sample and pressure bars to 
load the transmitter bar uniformly. Simpson designed and built a clever device for centering the 
sample on the pressure bar [29]. The user simply slides the alignment tool over the end of the 
pressure bar, followed by placing the sample into the alignment tool as shown in Figure 4. 
In the present work, we have used the specimens of sizes slightly smaller than bar 
diameters due to the low Poisson’s ratio of the specimen being tested. A thick flexible polymeric 
pipe was used to keep the specimen in place while being tested. It is similar to above technique.  
The thin layer of lubricant on the end of the sample is enough to hold the sample in place, while 
the user removes the alignment tool and slides the other pressure bar against the opposite sample 
end. 
 
Figure 4 Technique for aligning sample with pressure bars 
2.4 Testing Procedure 
To perform a SHPB test, certain decisions and preparations need to be made. Firstly, the 
investigator needs to decide which specimen properties are of interest. Specifically, the expected 
strain rate and total strain must be determined prior to any testing. After deciding on the desired 
specimen properties, specific steps are taken to ensure that those properties are attained in the 
test. A typical procedure to be followed for performing every test is given as follows:    
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1. Ensure alignment of Bars  
2. Check specimen dimensions carefully and apply lubricant on it’s ends  
3. Sample and timer positioning 
4. Pressure valves in appropriate position 
5. Adjust oscilloscope and strain gauge conditioner parameters 
6. Set pressure parameters 
7. Fire projectile 
8. Transfer data from oscilloscope to PC 
9. Reduction of data in Microsoft Excel 
10. Plotting stress-strain curve to check validity of the test. 
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3 EXPERIMENTAL INVESTIGATION 
3.1 Materials and Sample Preparation 
3.1.1 Fabrication of Balanced Angle-Ply Graphite/Epoxy Laminates 
The material used is an IM7/8551-7 graphite/epoxy composite. The laminate included 76-
layers of symmetric balanced angle-ply lay-up. The prepreg lay-up is cured in a compression 
molding press by a two-step curing process under vacuum as per manufacturer’s suggested 
curing process as described below. Laminated    sheets with the fiber orientation of 0o, [ +15o]s,   
[ +30o]s, and [ +45o]s  and with dimensions of  25 cm x 25 cm are produced.  
The compression molding is used for the fabrication and is carried out in the following 
sequence: 
1. The IM7/8551-7 graphite/epoxy laminae are stacked in proper sequence (as shown in 
Figure 5) and rolled simultaneously to remove entrapped air between them.  
2. This laminate is held at a full vacuum for 30 minutes.  
3. A load of 1150 kg. is rapidly applied and the compression molding plates heated to 
temperature of 115oC +5o; the pressure maintained constant by using compression 
moldings machine.  
4. The laminate is held at 115oC for 1 hour with the 1150 kg load applied.   
5. The load is increased to 1600 kg., with increase in the temperature to 180oC +5o. At this 
stage the vacuum is vented. 
6. The laminate is held at 180oC for 1.5 hours.   
7. A full vacuum is applied turning off the heated platens. This allows the laminate to cool 
to 95oC and get consolidated. 
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8. The plate is cooled to room temperature on a flat surface and then removed from the 
vacuum bagging.  
The individual specimens are then prepared from the finished laminate. The laminate is 
sectioned by using water-cooled masonry saw equipped with diamond grit blade, which usually 
produces no delamination or rough surfaces. For static and dynamic testing of [ +30o]s,      [ +45o]s, 
[ +60o]s , [ +75o]s, and [ 90o]s, solid cylinders with 0.952 cm diameter and of the same length are 
core drilled. In order to assure specimen failure, a diameter of 0.673 cm is selected for the 
dynamic testing of [0o]s and [+15o]s samples.  The average fiber volume fraction is found to be 
approximately 52% in burn-off tests. The faces of the specimens are polished with 400- grit 
polish paper. Figure 6 shows a typical micrograph of a manufactured graphite epoxy specimen. It 
is evident from this figure that fibers are totally wetted by the matrix with no visible porosity. 
3.1.2 Fabrication of Syntactic Foam 
Syntactic foams are two-phase materials having cenospheres dispersed in a matrix 
material. Structure of syntactic foam is shown in Figure 7.  It is possible to manufacture syntactic 
foams of different densities by keeping the volume fractions of cenospheres and the matrix resin 
constant.  Cenospheres of different wall thickness but same outer radius can be selected for this  
Figure 5 Laminate lay-up 
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Figure 6 Scanning Electron Microscope 
(SEM) Image of a manufactured 
graphite/epoxy specimen. 
 
 
Figure 7 Structure of syntactic foam. 
purpose. As the first option, matrix-cenosphere volume fractions can be changed to achieve a 
specific foam density.  However, the same density can also be achieved at a different matrix-
cenosphere volume fraction ratio by selecting cenospheres of different wall thickness.  Syntactic 
foams obtained from both routes would have the same density but different mechanical 
properties.  In the present study cenospheres of four different wall thicknesses have been used to 
fabricate syntactic foams.  All types of cenospheres have nearly the same particle size 
distribution.  However, there is considerable difference in their density, due to the difference in 
the wall thickness.  Matrix resin composition, matrix-cenospheres volume fractions and 
processing parameters for all types of syntactic foams have been kept the same.  This would 
allow the observed difference in the mechanical properties of the syntactic foams be directly 
related to the variation in the wall thickness of cenospheres. Details of raw materials used for the 
fabrication of syntactic foam are given below.  
3.1.2.1 Matrix Resin 
Based on a comparative study of various commercially available epoxy resins, D.E.R. 
332, a di-epoxy resin, manufactured by DOW Chemical Company is selected for the study.  This 
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resin is called diglycidyl ether of bisphenol A (DGEBA). Chemical name of this resin is 2,2-
bis[4-(2’3’ epoxy propoxy) phenyl] propane.   
3.1.2.2 Diluent 
A diluent is added to lower the viscosity of the resin mix. It is difficult to mix large 
volume of cenospheres in the resin if the resin viscosity is very high.  Adding 5% by weight 
diluent C12-C14 aliphatic glycidyl ether, commercially known as ERISYS-8, brings down the 
viscosity of the resin from about 4000 cps at 20°C to about 2000 cps at the same temperature.  
The diluent was supplied by CVC Specialty Chemicals.  Additional effects of diluent addition 
are lowering the modulus of the epoxy with a corresponding increase in ductility.  Average 
equivalent epoxide weight (EEW) of the diluent is 285.  For a 95 wt% resin and 5 wt% diluent 
mixture the EEW is calculated to be 17.75. 
3.1.2.3 Hardener 
A polyfunctional aliphatic amine triethylene tetramine (TETA), C6H18N4, is used as a 
curing agent.  This chemical is commercially known as D.E.H. 24 and manufactured by DOW 
Chemical Company.  Molecular weight of this hardener is 146.4 and weight per active hydrogen 
is 24.4. Phr (parts per hundred parts of resin) of amine for 95:5% by weight resin-diluent mix is 
calculated to be 13.74.  For the selected combination of epoxy resin and hardener the curing 
schedule is to gel at room temp and then post cure at 100°C for 1-2 hrs. 
3.1.2.4 Cenospheres 
Five different types of borosilicate glass cenospheres are used for the fabrication of 
syntactic foam specimens.  These cenospheres were manufactured and supplied by 3M under the 
trade name “Scotchlite”.  Distribution of outer diameter of all types of cenospheres is nearly the  
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Table 2 Properties of cenospheres used to fabricate syntactic foam slabs. 
Cenosphere 
Type 
Cenosphere 
Density 
(kg/m3) 
Mean 
Cenosphere 
Diameter 
(mm) 
Calculated 
Radius Ratio 
h 
S22 205 35 0.922 
S32 320 40 0.907 
S38 380 40 0.888 
K46 460 40 0.863 
 
same, but the internal diameter is different.  Cenosphere wall thickness can be related to a 
parameter named Radius Ratio, h, which is given by Equation 28.  
 r
r
0
1=h  (28) 
Where r1 is the internal radius and r0 is the outer radius of the cenosphere. Increase in h 
corresponds to a decrease in wall thickness, which leads to a decrease in true particle density of 
cenosphere. Therefore, cenospheres having higher h value give rise to lower density syntactic 
foams and vice versa. Mean particle size, true particle density and radius ratio values of selected 
cenospheres supplied by the manufacturer are given in Table 2. 
3.1.2.5 Mold 
Stainless steel molds having inner dimensions of 228 ´ 228 ´ 13 mm3 are used for 
casting the syntactic foams.  No vacuum or pressure is applied during the casting or curing of 
syntactic foam slabs. 
3.1.2.6 Mold Release Agent 
Dow Corning 111 Sealant and Lubricant is used as a release agent in the molds.  This 
lubricant is silicone based white translucent gel.  Selection of this release agent is based on its 
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service temperature range of –40 to 204°C and bleed characteristics, 0.5% in 24 hrs at 200°C. 
Specific gravity of this release agent is 1.0. 
3.1.2.7 Syntactic Foam 
Volume fraction of cenospheres is maintained at 0.65 in all types of syntactic foams. 
Fabrication of syntactic foams is carried out in a two-step process, mixing and casting. First the 
resin and diluent are mixed and heated to 50°C to further reduce the viscosity of the mix.  
Hardener is then added and stirred thoroughly, followed by cenospheres addition.  The mixed is 
stirred gently using wooden stirrers to minimize the damage to cenospheres during the mixing 
process.  The slurry like mixture is then cast in stainless steel molds and cured for at least 36 hrs 
at room temperature. Cast foam slabs are removed from the molds and post cured at 100±3°C for 
3 hrs.  Fabricated syntactic foams have some entrapped air due to mechanical mixing being the 
fabrication route. This entrapped air is termed as voids.  Density and void volume fraction values 
of fabricated syntactic foams are presented in Table 3. 
The cylindrical foam specimens of 0.952 cm in diameter and of the same length are core 
drilled. The specimen ends were then carefully polished with 400-grit polish paper. The diameter 
of the samples was slightly less than that of the bars (0.965 cm) and due to small Poisson’s ratio 
of foam, the specimen diameter during deformation never exceeds the bar diameter within the  
Table 3 Density and void volume fractions in the fabricated syntactic foams. 
Cenosphere 
Type 
Corresponding 
Foam 
Nomenclature 
Syntactic 
Foam 
Density 
(kg/m3) 
Void 
Volume 
Fraction 
S22 SF 22 493 6 
S32 SF 32 545 9 
S38 SF 38 575 10 
K46 SF 46 650 6 
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strain levels carried out. Higher diameter of foams is selected in order to compress larger volume 
of syntactic foam and to reduce statistical scatter. 
3.2 Experimental Details 
3.2.1 Static Testing 
3.2.1.1 Static Testing of Balanced Angle-Ply Graphite/Epoxy Specimens  
This is performed in order to compare the high strain rate responses to quasi-static 
responses. The strain rates of about 0.001s-1 are obtained using MTS servo-hydraulic machine. 
The tests are conducted by compressing the cylindrical specimen between two hardened steel 
parallel plates. Typical setup for the static testing is shown in Figure 8. Three specimens of each 
type of laminate are tested to obtain consistent results. The sample size and geometry are the 
same as the test pieces used in the dynamic tests in the SHPB for graphite/epoxy laminate 
testing. These make samples and the testing equipment different from what the American Society 
for Testing Materials (ASTM) suggests for static tests. Therefore, the static properties of the 
materials tested on the MTS machine could be different from the published data, depending on 
the type of the material. In light of the fact that quasi-static compression testing is still a subject 
of investigation with several researchers using different geometries and testing equipments, the 
use of the MTS machine with the same sample geometry as that used in SHPB test is felt to be 
the best way to proceed in obtaining the quasi-static properties of the materials studied. 
3.2.1.2 Static Testing of syntactic foam specimens  
ASTM standards have been followed wherever applicable in this work and have been 
given preference over any other standards that may exist on similar topics.  ASTM D 695-96 is 
selected for the compression testing of syntactic foams.  This standard is for unreinforced and 
reinforced rigid plastic type of materials.  Some other researchers had also followed the same  
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Figure 8 Setup for quasi-static testing at Southern University, Baton Rouge. 
standard according to earlier published experimental work [32].  Specimen and compression test 
details are given next. 
Specimen dimensions recommended in ASTM D 695-96 for continuous cores are 
selected for syntactic foam specimens.  The specimen cross section was 12.7´12.7 mm2 and 
height is 25.4 mm. For compression testing MTS 810 Material Test System with microprocessor 
controlled data acquisition system is used. The rate of the crosshead movement is maintained at 
1.3 mm/min.  This makes the strain rate to be 0.0008 s-1.  
3.2.2 High Strain Rate Tests  
These tests are conducted on a SHPB by varying the air pressure in the chamber from 100 
psi to 400 psi. The velocity of the striker bar is shown to vary between 7 m/s and 20 m/s as a 
consequence of varying the pressure. The pressure bars mounted on a rigid beam and supported 
by Teflon rings are used to sandwich solid cylindrical test specimens between them. Similar 
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procedure was followed for tests on both kinds of material. Detailed description of the equipment 
and testing procedure for high strain rate testing has already been discussed in the previous 
chapter. The following section will discuss the Instrumental characterization and validity of these 
tests for the given materials under the testing conditions. Figure 9 shows a typical SHPB test set-
up at LSU Composite Laboratory. Also a photograph of typical oscilloscopic record obtained 
during a test is shown in Figure 10.  
A typical oscilloscope record for a syntactic foam specimen under testing obtained from 
SHPB experiments is shown in Figure 11. Waves for the incident and the transmitter bar can be 
observed in this figure.  The transmitted wave records the stress history in the specimen. The first 
pulse, denoted by A, in the incident bar is the incident pulse; whereas the second pulse (B) is the 
reflected pulse. If the mechanical impendence of the specimen is less than that of the bar, the two 
pulses are opposite in sign, as shown in this figure. The transmitted pulse (C) through the 
syntactic foam specimen is lower  than the incident pulse A. In the last part of the transmitted 
pulse, the stress decreases gradually compared to the incident pulse in a way similar to metallic 
specimens [33].  It can be noted that the magnitude of the reflected pulse is very high when 
compared to the transmitted pulse.  Figure 12 shows similar kind of waves generated in bars 
during an experiment using a longitudinal graphite/epoxy specimen. It shows relatively lower 
magnitude of reflected pulse (which gives instantaneous specimen strain rate and strain) at much 
higher value of transmitted pulse (which gives specimen stress) in comparison with syntactic 
foam specimen, which fails at relatively much higher strain.  
The plateau in the reflected pulse observed in Figure 11 indicates that the syntactic foam 
specimen deformed at a nearly constant strain rate for most part of the time during specimen 
deformation. For both kinds of materials, the strain rate for a given test varies as a function of  
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Figure 9 Split Hopkinson Pressure Bar Setup at 
LSU. 
 
Figure 10 An oscilloscopic record obtained 
during a high strain rate test. 
 
Figure 11 A typical oscilloscopic record for syntactic foam specimens. 
time. Initially it increases from zero and remains relatively steady at a certain value as mentioned 
earlier. The average strain rate value is obtained and used to characterize the specific experiment.  
3.3 Experimental Optimization and Validity of Testing 
The stress wave produced initially because of impact from striker bar on one end of 
incident bar undergoes distorting wave phenomenon contrary to the basic assumption of uniaxial 
wave propagation. It is seen that the pressure wave dispersion is due to the wave velocities  
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dependence on frequency. It is recommended that the waves with narrower frequency bandwidth 
suffer less from distorting effects of dispersion and this can be obtained by increasing the rise 
time of the wave [29]. This shaping of impact pulse can be obtained by placing a yielding 
material (impact plenum) between the striker bar and the input bar. For our experimental work, 
two different mild steel plenums of 0.381 cm thickness are tested. It can be observed from the 
results in Figure 13 that tests conducted without plenum cause large oscillations in the bar.  This 
effect is minimized with a 0.953 cm diameter plenum and can be further reduced with 0.673cm 
diameter plenum. The smaller diameter plenum is used for this study as it reduces the 
undesirable oscillations.  
Based on the assumption that the dynamic force in both the incident and the transmitter 
bars are equal, the following equation can be written,      
eT  - eI = eR (29) 
where, eT , eI, and eR are pressure bar strains due to transmitted, incident and reflected pulse, 
respectively. This verification of dynamic equilibrium ensures that proper and valid tests are 
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Figure 12 Typical oscilloscopic record for balanced angle-ply 
graphite/epoxy specimens. 
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conducted, Figure 14. The two curves match with each other to a large extent.  
It is well known that the strain measurements by SHPB may not be completely reliable. 
In order to check the validity of this technique to measure the strain accurately, the strain 
measured directly from the specimen is compared to the strain calculated from the stress waves 
obtained from the strain gauges on the bars. A strain gauge is placed on a balanced angle-ply 
graphite/epoxy specimen carefully to get accurate values of specimen strains. It can be observed 
from the results shown in Figure 15 that the strain values obtained from the bar and the actual 
strain in the specimen agree well up to the maximum strain values. 
The time lag for the transmitted wave compared to the reflected wave can be used to 
interpret the results of the SHPB test. The homogenization time for all balanced angle-ply 
graphite/epoxy specimens is lower than the corresponding time of failure as shown in Table 4. 
The term g represents the number of times the pulse reflected back and forth to produce uniform 
stress in the specimen. The value of g for graphite/epoxy system is four [9]. In other words, the 
purpose of these reflections is to ensure the specimen is in equilibrium at failure and check the 
-1.6
-1.2
-0.8
-0.4
0
0.4
0 0.00002 0.00004 0.00006 0.00008
Time (Seconds)
M
ag
ni
tu
de
 (
m
V
)
2 per. Mov. Avg.
(No Plenum)
2 per. Mov. Avg.
(0.953cm Plenum)
2 per. Mov. Avg.
(0.673cm Plenum)
No Plenum
  0.953 cm Dia. Plenum
  0.673 cm Dia. Plenum
 
Figure 13 Plenum size impact on pulse shape. 
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Figure 14 Verification of equation of dynamic equilibrium. 
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Figure 15 Comparison of strain values obtained by direct strain measurement using a 
graphite/epoxy specimen and by using SHPB.   
 
validity of the tests. The transient time, ts, is obtained by measuring the time gap between the 
transmitted and reflected waves. This time represents the delay in the transmitted wave due to the 
time required for it to travel through the specimen. In the absence of a specimen, both 
transmitted and reflected waves should be coincident due to the strain gauge placement at the 
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same distance on the pressure bars. The time to failure is obtained from experiment. The 
minimum time to failure is therefore g * ts, and is the total time required for the specimen to be 
intact, at which time the wave reflects back and forth so that the uniform stress assumption 
remains valid.    
Table 4 Time to failure for the off-axis graphite/epoxy specimens. 
 
Specimen off-axis 
orientation (Degrees) 
 
 
Transient time 
ts   (ms) 
 
Minimum time to failure 
g* ts (ms) 
 
 
Time to failure 
tf (ms) 
15 8 32 37 
30 4 16 18 
45 12 48 57 
60 8 32 57 
75 10 40 59 
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4 RESULTS AND DISCUSSION 
4.1 High Strain Rate Properties of Balanced Angle-Ply Graphite/Epoxy 
Composites 
4.1.1 Quasi-Static Tests 
The strain rates of about 0.001s-1 are obtained using MTS servo-hydraulic machine. The 
axial ultimate engineering stress and initial modulus are found to be decreasing with increasing 
angle. The decrease in modulus for 15o and 30o is found to be less than 5% as compared to the 0o 
off-axis (longitudinal) specimens. The elastic modulus values are minimum for 90o off-axis fiber 
orientation (transverse direction) where the properties are controlled by the matrix rather than the 
fibers. The ultimate stress range for 45o, 60o and 75o fiber orientation specimens is found to be 
narrow. However, the 45o specimens show high axial strain (0.105 mm/mm) due to the fact that 
there is no lateral constrains placed while testing. The dominant failure mode observed is 
delamination. The presence of interlaminar shear stress caused by edge effects is expected to be 
the probable cause for the delamination. The ultimate axial strength values for various fiber 
orientations are plotted in Figure 16. These values are similar to published results in the literature 
[28].  
4.1.2 High Strain Rate Tests  
4.1.2.1 Stress-Strain Behavior and Strain Rate  
One of the important aspects of this study is to compare the stress versus strain behavior 
of various fiber orientations of balanced angle-ply laminates at the same strain rate.  Typical 
dynamic stress versus strain curves for specimens having different fiber orientations tested at  
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Figure 16 Orientation dependence of maximum stress at various strain rates. 
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Figure 17 Axial Stress vs. Axial Strain for several fiber orientations at strain rates of 
around 1050/ s. 
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Figure 18 Ultimate Stress values for various fiber orientations at different strain rates. 
strain rates of around 1050 /s is shown in Figure 17. The ultimate stress value is seen to be 
decreasing uniformly as the fiber orientation angle increases. The summary of results for various 
balanced angle-ply laminate specimens is shown in Figure 18. From this figure, the significance 
of strain rate variation on the ultimate strength properties of various fiber orientations for 
balanced angle-ply laminates can be observed clearly. For all fiber orientations, the ultimate 
stress value increases as the strain rate increases. This can be attributed to the fact that at slower 
strain rates the damage propagates more slowly utilizing most of the applied energy. However, at 
higher strain rates, the damage doesn’t have enough time to initiate and propagate, and thus a 
higher amount of energy is absorbed under this situation. For the increase in ultimate strength of 
the specimens tested in transverse direction at high strain rates, the viscoelastic nature of the 
polymer matrix itself is responsible in addition to the time dependent nature of accumulating 
damage [34]. The high strain rate ultimate strength values at orientations of +30o and above are 
close to each other as they are for quasi-static ultimate strength values for similar orientations. 
The main reason for this occurrence is the matrix domination in determining the properties of the 
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composites with increasing fiber orientation. It can be inferred from Figure 18 that the strain rate 
sensitivity of the material is prominently high at relatively low (static to 200 s-1) strain rates.  
Figure 16 also shows the compressive ultimate strength at different fiber orientation angles for 
high strain rates. It can be seen that the difference in maximum strength between static and 
dynamic tests decreases as orientation of fibers increases. The mode of failure of fiber-reinforced 
composites is the determining factor of the strain rate sensitivity magnitude. This observation 
explains why the strain rate effect on ultimate stress is more pronounced with decreasing fiber 
orientation. There is no sudden drop in the ultimate stress and strain values at +60o angle 
laminates, which is contrary to the previous study done by Vinson and Woldesenbet [35] for 
unidirectional off-axis laminates of graphite-epoxy. The probable cause of failure was given that 
the 60o plane could be the plane of maximum dynamic shear stress due to shear coupling. This 
coupling of in-plane shear stresses is avoided in the case of balanced angle-ply laminates for the 
same fiber orientation.  Instead, delamination failure caused by the edge effect is a prominent 
mechanism of failure in case of these laminates.   
Figure 19 shows the change in the ultimate compressive strain as a function of strain rate 
for three different orientations. It is observed that the ultimate strain values for 0o and +15o 
samples are least affected by the change in strain rates. The +45o and +60o are found to have 
undergone maximum amount of strain. Most of the +30o samples showed relatively less failure 
strains in high strain rate testing with a high amount of scatter in values.  The highest fracture 
strain is obtained under quasi-static loading conditions. However, in the dynamic region, the 
fracture strain is very low (almost 30-40% of static values) for lower strain rates (500 s-1). It 
increases as the strain rate is increased. A sharp increase in fracture the strain values is noted for 
almost all fiber orientations at strain rates ranging from 800 to 1100 s-1.                             
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Figure 19 Ultimate strain values for various fiber orientations at different strain rates. 
4.1.2.2 Effect of Strain Rate on Modulus  
It has been found by a number of researchers [31-32, 35-36] that the strain measurement 
and therefore modulus determination is difficult by the SHPB and the acquired data is not very 
reliable. However, in general, it is observed that the high strain rate modulus values are 
approximately threefold in longitudinal direction compared to static values. Also an appreciable 
increase in the transverse modulus is observed at high strain rates. These values are mentioned in 
Table 5. Figure 20 shows compressive stress-strain curves for [+15o]s specimens tested at 
different strain rates. As compared to the static stress-strain curve, significant stiffening of the 
stress-strain curves can be observed at higher strain rates due to viscoelastic nature of polymer 
matrix. Similar trends are observed for other fiber orientations as well as exhibiting increased 
initial modulus with increasing strain rates. Also, large amount of scatter in the modulus values 
is observed in the range of 1000 s-1 to 1500 s-1. It was observed from the shape of the stress-
strain curves that the amount of non- linearity in the curve increases as the fiber orientation 
increases from its longitudinal direction to + 45 degrees. 
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Figure 20 Static and dynamic stress-strain curves for [ +15o]s specimens. 
Table 5 Longitudinal and transverse modulus values of unidirectional IM7/8551-7 
graphite/epoxy composites at various strain rates. 
 
Strain Rate 
   (s-1) 
  
 
Modulus 
E1, GPa 
 
Percentage Change 
 
Strain Rate 
   (s-1) 
 
Modulus 
E2, GPa 
 
Percentage 
Change 
0.001 26.66  ------- 0.001 5.28    ------- 
630 62.14 133.08 800 7.10 34.46 
920 77.77 191.71 1140 7.61 44.12 
1100 81.00 203.30 1400 8.37 58.52 
 
4.1.3 Modes of Failure  
Specimens subjected to static compression loading in the longitudinal direction are 
mainly found to undergo transverse tensile failure and fiber microbuckling.  This could occur 
when the transverse tensile strains resulting from the Poisson’s ratio effect exceed the ultimate 
transverse strain capability of the specimen. The high strain rate failure mechanism for 
longitudinal fiber orientation specimens mainly consists of delamination including longitudinal 
matrix cracking and fiber micro buckling. The phenomenon of micro buckling become clear 
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from Figure 21. A micro-buckled layer of bunch of fibers can be observed where load is applied 
along the fiber orientation. Also delamination is very common at excessively high strain rates as 
shown in Figure 22. Figure 23 shows the optical microscopic image of a high strain rate 
longitudinal specimen that fails in matrix breaking. Similar kind of failure mechanism is seen in 
the case of 15 degree balanced angle ply laminates. Here, damage is initiated by matrix cracking; 
when a matrix crack reaches an interface between layers with different fiber orientations, 
delamination occurs. Delamination is the primary mode of failure for quasi-static as well as high 
strain rate testing. The +30o, +60o and +75o samples show the mixed modes of failure in shear as 
well as delamination for quasi-static rates.  
The +30o fiber orientation sample prominently show more shear failure than the 
delamination. Figure 24 shows a 30o specimen undergoing complete shear type of failure with 
relatively less values of peak stress and total strain. The introduction of shear failure may be 
caused by the initiation of failure due to delamination and subsequent in-plane shear stress 
failure of individual lamina.  The shear plane is found to cut through the fibers for some samples. 
In the cases of shear failure, two shear bands usually join together and form a delamination site. 
 
 
Figure 21 Specimen loaded longitudinally 
under dynamic conditions fails 
in microbuckling. 
 
 
Figure 22 HSR longitudinally loaded 
specimens fail in delamination. 
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 In dynamic testing of +60o and +75o specimens, typically delaminated fractured surfaces 
joined by some jumps of sheared surfaces are observed at lower magnifications as shown in 
Figure 25. Being a balanced angle-ply laminate, the delamination initiates at the surface of the 
specimen, which continues further into of the specimen and tends to fail the specimen in shear. A 
typical delaminated portion of such a specimen is shown in Figure 26. Delamination caused by 
debonding of fiber-matrix interfaces and matrix breaking are visible. The shining and clear 
portion of fibers shows the debonding. The central portion, which goes under considerable shear 
 
 
Figure 23 Vertical splitting of a 0o specimen 
under high strain rate loading.  
 
 
Figure 24 Complete shear type of failure for a 
[±30o]s specimen. 
 
 
Figure 25 A [±60o]s specimen loaded under 
dynamic conditions. 
 
 
 
Figure 26 Delamination for a [±75o]s specimen. 
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propagates along -q direction breaking all the +q fibers in shear. The fibers are clearly shown to 
fail in shear with somewhat ductile manner in Figure 28. The fibers along the -q remain 
unbroken. A SEM micrograph along that layer shows fiber pullout, Figure 29. Considerable river 
marks are also evident from this figure, which show the direction of crack propagation in the 
matrix. 
 
 
    Figure 27 Shear steps for a [±75o]s specimen. 
 
 
Figure 28 SEM image of 'ductile' failure  for a 
[±75o]s  specimen. 
 
 
Figure 29 Considerable fiber pull-out and river 
marks along -q direction in case of a  
[±75o]s specimen 
 
 
 
Figure 30 A [±45o]s specimen showing total 
delamination. 
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Figure 31 Delamination plane traveling along a 
vertical plane under high strain rate 
conditions for a [±45o]s specimen. 
 
Figure 32 Optical Micrograph of fracture 
surface of a transversely loaded 
specimen under static loading. 
 
 
Figure 33 Top view of fracture surface of a 
transversely loaded. 
 
 
For all 45o balanced angle-ply laminate specimens, total delamination is observed. Figure 
30 shows the optical micrograph of a delaminated specimen under quasi-static conditions. The 
delamination caused by interlaminar shear stresses is developed due to edge effects.  The shear 
mode of failure is totally absent in both cases of static and dynamic loading. This  confirms the 
decoupling of in-plane shear in balanced angle ply laminates. This observation is clearly shown 
in Figure 31, which shows the crack initiations and propagation along the interface of two 
laminas. For transversely loaded specimens (90o), matrix shear failure is seen to be dominant as 
suggested by Collings [37]. Under static compressive loads, shear failure occurs on 45o plane, 
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Figure 32. The shear mode changes to delamination when the applied stress and strain rates are 
increased. Top view of another specimen failed in shear under dynamic loading conditions is as 
shown in Figure 33. Vast matrix breaking is observed at higher magnifications. 
4.2 High Strain Rate Properties of Syntactic Foam and Density Effects 
4.2.1 Stress-strain Behavior 
High strain rate compression test results of four types syntactic foams are discussed here 
to establish the effect of strain rate and effect of syntactic foam density on the dynamic 
compressive properties of syntactic foams.  The results at high strain rates are compared to quasi-
static strain rate compressive properties of the same material. Typical engineering stress versus 
engineering strain curves for various foam densities obtained at strain rates around 1050 s-1 are 
shown in Figure 34. An almost linear initial region is found for each stress-strain curve where 
stress is directly proportional to strain up to about 3% strain. Another general observation for 
each of them is that when the compressive strain is between 3.5 to 4%, the stress reaches its peak 
value. The foam density is not found to influence the strain at peak stress.  This fact strongly 
indicates that the critical strain at which peak strength is observed does not depend on the type of 
cenospheres and can be primarily recognized as the matrix property. Contrary to quasi-static 
stress-strain curves in high strain rate experiment, the stress values don’t drop drastically after 
maximum stress. Only a small decrease in stress is observed after the peak stress value. After the 
peak, the stress stays nearly constant for increasing strain until it drops suddenly corresponding 
to the ultimate failure of the specimen. For some of the lower density specimens tested under 
dynamic conditions, stress oscillations are observed in this constant stress region, which indicate 
the fracture front propagation through specimen length. A constant stress region, called the 
plateau region, is also observed in the quasi-static test results, which is termed as the 
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densification stage. The main reason for the densification stage in the quasi-static tests is the 
fracture of cenospheres. Compressing material consumes the space of cenospheres and increases 
the overall density of the syntactic foam. Microscopic evidences will be sought in the later 
sections to determine if the same kind of phenomena occurs in high strain rate tests. 
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Figure 34 Stress vs. Strain for various densities of syntactic foam at strain rates of around 
1050 s-1 
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Figure 35 Peak Stress values for various syntactic foam densities at different strain rates. 
 45 
The strain rate dependence of peak stress for various types of foams can also be observed 
in Figure 35. Almost twofold increase in peak stress values is attained at the strain rates of about 
1700 s-1 compared to quasi-static value in all types of syntactic foams. The increase in maximum 
strength with increase in strain rate can be attributed to the fact that at slower strain rates, the 
damage propagates more slowly expending most of the applied energy. However, at higher strain 
rates, the damage doesn’t have enough time to propagate, and thus a higher amount of energy is 
absorbed under this situation. This is accomplished by increase in stress level as compared to 
quasi-static conditions for similar strain values. Additionally, viscoelastic nature of the polymer 
matrix itself is responsible in addition to the time dependent nature of damage accumulation. 
Another observation from Figure 35 indicates that similar to quasi-static testing, the maximum 
stress values increase with increasing the syntactic foam density in high strain rate tests. The 
peak stress is calculated to be 130.8 MPa for the SF46 foam having density value of 460 kg/m3 
and progressively decreases with decrease in density and becomes about 65.4 MPa for SF22 
syntactic foam having density value of 205 kg/m3.   
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Figure 36 Syntactic foam density dependence of maximum stress at various strain rates. 
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It is possible to consider the combined effect of strain rate and density of the syntactic 
foam on peak stress values in different strain rate ranges. Figure 35 shows almost linear increase 
in peak stress values with increasing strain rates for higher density syntactic foams (SF46 and 
SF38). For lower density foams, this increase is linear up to the strain rates of about 1100 s-1 and 
then it becomes nonlinear where the curves become almost flat. This phenomenon is more 
apparent from Figure 36 where with increasing strain rate, lower density foams show relatively 
less increase in peak stress values compared to those of higher density foams.  This means that in 
case of the lower density (higher h) foams, the strain rate sensitivity of peak stress decreases at 
higher strain rate values where cenospheres play major role in sustaining applied stress. At lower 
strain rates where matrix failure is more dominant, the peak stress values appear to be almost 
equally strain rate sensitive regardless of the density of the foam. The variation in strain rate 
sensitivity of the syntactic foams in different strain rate regions will become clear in the section 
on failure mechanisms of foams where it can be found out that the mode of failure is the 
determining factor for strain rate sensitivity.    
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Figure 37 Fracture strain values for various foam densities at different strain rates. 
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Crushing of cenospheres is a considerably important mechanism of failure for lower 
density syntactic foams under quasi-static conditions of loading. Considerably high failure 
strains can be expected in this case due to the availability of newly created space due to the 
breaking of hollow cenospheres.  With increase in density of syntactic foam, vertical cracks 
originated under lateral secondary tensile stresses limit the total strain in the materials before its 
failure. In this case lower failure strain can be expected. These phenomena are quite clear from 
Figure 37. It can be observed that under quasi-static loading, the failure strain decreases 
considerably from 9.41% for SF22 to 5.82% for SF46.  The failure strain remains almost the 
same at high strain rate (~1300 s-1) for higher density syntactic foams but the gap between fa ilure 
strains at quasi-static and high strain rate increases considerably at lower densities of the foam. 
Thus it is clear that under dynamic conditions of loading, even lower density foams are more 
susceptible to vertical cracking of the materials than crushing of cenospheres. In general 
increasing trend of failure strain with decreasing density of the syntactic foam becomes less and 
less prevalent with increased strain rates.     
4.2.2 Effect of Strain Rate on Modulus Values of Syntactic Foams  
Figure 38 shows stress-strain curves for SF38 syntactic foam at various strain rates. It can 
be observed that stress-strain curves get stiffened significantly at higher strain rates compared to 
the static curve due to the viscoelastic nature of the polymer matrix. Similar trends are observed 
for all types of foams. Compressive modulus values for all types of foams at various strain rates 
are presented in Table 6. An appreciable amount of increase in modulus values is observed for 
all kind foams with increase in strain rate. At the strain rates of about 1700 s-1 up to 37% increase 
has been noted in the modulus as compared to quasi-static value. It is interesting to note here two 
facts. First, the volume fraction of the polymer matrix is the same for each type of foam. Second, 
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for all types of foams the percentage changes in the elastic modulus values at any similar higher 
strain rates compared to the respective quasi-static values are almost the same. Hence, it can be 
concluded that elastic modulus variation is due to the matrix part of foam only and not due to 
cenospheres. 
 
Figure 38 Static and dynamic stress-strain curves for SF 38 specimens. 
Table 6 Change in modulus of syntactic foams with strain rate. 
Syntactic 
Foam Type 
Strain Rate 
(s-1) 
Modulus 
E (MPa) 
Percentage 
Change 
Static 1547 - 
830 1777 14.86 
1200 1969 27.77 SF 22 
1688 2503 37.29 
Static 2025 - 
703 2191 8.19 
1164 2372 17.13 
SF 32 
1636 2601 28.44 
Static 2394 - 
830 2796 16.79 
1030 2888 20.63 
SF 38 
1324 2864 19.65 
Static 2639 - 
979 3132 18.68 
1015 3161 19.78 SF 46 
1460 3564 35.20 
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4.2.3 Energy Absorption 
Energy absorption in syntactic foams is due to various sources such as cenosphere 
fracture, elastic and plastic deformation of polymeric matrix and matrix-cenosphere interfacial 
fracture. Additionally, friction in relative and rotational movement of the broken pieces of 
cenospheres during deformation process consumes energy. The energy absorbed per unit volume 
by a material can be given by the area under the stress-strain curve and can be expressed by 
Equation 30. 
C = ò
l
d
0
es  (30) 
where s is compressive stress, l the limit of strain concerned, and e strain. The areas under the 
stress strain curve up to 5% strain were calculated, as it is the maximum strain obtainable at the 
lowest strain rate in SHPB.  
Figure 39, compares the energy absorbed by syntactic foams at various strain rates as a 
function of foam density. It can be noted that the data trend in this graph is similar to that in 
Figure 36. With increase in the strain rate, the energy absorption capacity per unit volume of the 
foam is found to be increasing. This is because stress level increases with strain rate; hence at 
any given strain value the area under stress-strain curve increases considerably. Also higher 
density foams are much more efficient in energy absorption as compared to lower density ones. 
In all the above cases, increase in energy absorption capability in the elastic range is due to 
increase in elastic modulus with strain rate.  A low elasticity modulus implies a low stress wave 
speed C, at which stress wave (and the accompanying strain energy) propagates from the point of 
impact. The wave speed C is related to material’s elasticity modulus E and its density r by 
Equation 2 in chapter 2. Hence the amount of strain energy that foam can absorb is also  
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Figure 39 Energy absorbed per unit volume as function of syntactic foam density and strain rate. 
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Figure 40 Energy absorbed per unit vo lume at three different strain values for SF46 
specimens with increasing strain rates. 
 
dependent on its modulus of elasticity. With increase in the modulus, there will be an increase in 
dispersion of localized caused by impact. Thus the amount of energy absorbed by the foam is 
expected to increase with modulus of elasticity.  
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Figure 41 Comparison of Energy absorbed per unit volume by SF 46 and SF22 with 
variation in strain rates.             
 
Figure 40 shows that for SF46 syntactic foam, increase in energy absorbed per unit 
volume as a function of strain rate increases linearly for three different strain values of the 
material. Figure 41 shows the energy absorbed by SF22 and SF46 at different strain rates. No 
significant increase in energy absorption per unit volume for SF22 foam is observed in the strain 
rate range 830 s-1 to 1510 s-1. It appears to be close to saturation in that limit. On the contrary, for 
the SF46 foam the energy absorbed increases almost linearly with linear increase in strain rate in 
the range of high strain rate testing. Hence, it can be concluded that the energy absorption 
capacity is highly strain rate sensitive.  Impact at high strain rate causes the crack to propagate 
through the cenospheres. This makes higher density syntactic foams (containing thicker walled 
cenospheres) difficult to break and absorb more energy than thinner walled cenospheres such as 
SF22.  Hemispherical failure of cenospheres, which is a typical characteristic of high strain rate 
failure mechanism, controls the energy absorption. On the contrary to this case, energy 
absorption character is controlled by matrix and interface failures along with shear failure at 
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lower strain rate values. At high strain rates, breaking of cenospheres becomes more difficult in 
case of higher density foams compared to lower density foams  
4.2.4 Modes of Failure  
In the quasi-static compression tests of syntactic foams it is observed that the specimen 
failure takes place under the combined effects of shear and secondary tensile stresses as shown in 
Figure 42. Specimen of SF38 syntactic foam is shown in this figure.  Shear cracks originate from 
the corners of the specimens and propagate at 40-60° angles. Cracks originated under lateral 
secondary tensile stress are in the direction of applied load. It is noticed that as the foam density 
increases, vertical splitting becomes more and more prominent. Also initiation of the crack is 
highly influenced by the stiffness of the material. Higher stiffness syntactic foams, with lower 
cenosphere h, show early formation of the vertical crack. On the contrary, the foams with higher 
cenospheres h show higher strains before origination of vertical crack and also the final failure 
of the specimen. The higher specimen failure strain also leads to more crushing of cenospheres in 
the syntactic foams. 
Failure modes of specimens tested at high strain rate are evaluated using optical and 
scanning electron microscopy. Although the stress-strain responses of the individual category of 
syntactic foam specimen portray some unique characteristics, the foam samples share some 
common modes of failure for all kind of foams. 
In high strain rate test specimens crack starts from one end and propagates to the other end 
through the specimen cross section. It initiates with two shear planes from the same end, which 
eventually join together and form a crack plane. Substantial amount of damage is noticed on the 
crack places because of crushing of cenospheres as shown in Figure 43. Debris of cenospheres is 
visible all over the micrographs in this figure. Optical micrograph of two shear planes originated 
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at the specimen that join together is shown in Figure 44. At the point where the shear cracks 
meet, a new crack originates under the effect of secondary tensile stresses. This crack then 
travels through the specimen causing the ultimate fracture. The higher the strain rate, the lower 
will be the shear failure at the ends and most of the fracture will be a result of straight cleavage 
like tensile crack plane. A typical example of this kind of fracture is shown in Figure 45, which 
shows an SF46 specimen tested at 1680 s-1 strain rate. In this figure a straight crack plane is 
initiated at the incident end of the specimen, which eventually propagates to the transmitted end 
without any deviation. 
The failure mechanisms seem to be similar in both low and high strain rate-testing cases 
with only difference being in the extent of shear failure zone. However, scanning electronic 
micrographic observations reveal some interesting differences. In the lower strain rate test 
specimens it is observed that the crack propagates through either the matrix material or the 
matrix-cenosphere interface as shown in Figure 46. Crack does not tend to fracture cenosphere 
and bypasses them completely. In higher strain rate test specimens, crack tends to fracture the 
cenospheres while propagating as shown in Figure 47. A higher magnification micrograph shows 
 
Figure 42 A SF38 syntactic foam specimen 
failed in mixed failure in shear and 
vertical splitting. 
    
Figure 43 Debris of crushed cenospheres at the 
end of a specimen. 
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the crack propagation and the fracture of a cenosphere in Figure 48.  This makes the 
consumption of more amount of energy at high strain rates and requires higher amount of 
stresses for fracture as compared to quasi-static testing. Figure 49 shows the side view of a failed 
specimen under dynamic loading. Here, like a typical brittle like fracture, the fracture plane 
passing through cenospheres and produces hollow hemispheres. 
In many cases, a network of cracks derived from the original crack plane or from either 
of the specimen ends or from voids was observed. The voids in the specimen are also found to be 
“attraction centers” for the cracks and cause fracture planes to change their original direction. 
 
 
Figure 44 Shear planes originated at the 
specimen end join later to form a 
vertical crack. 
 
 
Figure 45 Crack originated at the 
specimen end causing vertical 
splitting in the specimen. 
 
 
 
Figure 46 A low strain rate crack avoids 
cenospheres. 
 
Figure 47 Crack passing through 
cenospheres under HSR condition. 
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Figure 48 Enlarged view of figure 47 
showing crack’s path through a 
cenosphere. 
 
Figure 49 Crack plane passing through 
cenospheres. 
 
 
Figure 50 Crack planes observed to be 
attracted by higher void density.  
 
Figure 51 Fracture surfaces meeting at a 
void.  
 
Figure 50 shows an SEM image of fracture planes meeting at a void site. Another SEM image 
(Figure 51) shows a fracture plane being attracted by a void where its lower wall remains 
undamaged (central portion of the micrograph). Hence, voids are found to influence crack path 
and play an important role in deciding the mechanical properties at high strain rates.  
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5 CONCLUSIONS 
Split Hopkinson Pressure Bar (SHPB) is found to be an effective instrument for testing the 
high strain rate properties of both fiber reinforced and particulate reinforced polymer matrix 
composites. Experimental characterization is found useful in order to verify scientific 
requirements of testing technique. Both graphite/epoxy laminates and syntactic foams are found 
to be highly strain rate sensitive. Both mechanical properties and failure modes are found to vary 
significantly in high strain rate testing as compared to quasi-static testing. In both of these 
composites, the viscoelastic nature of the polymer matrix itself is responsible for this 
phenomenon in addition to the time dependent nature of accumulating damage. Also some 
specific conclusions drawn from the high strain rate testing of these materials are the following.    
Graphite/epoxy composites: 
· The graphite/epoxy symmetric balanced angle ply laminates are found to be highly strain 
rate sensitive in a manner similar to unidirectional laminates of the same material. 
Continuous increase in maximum axial stress and strain has been observed with 
increasing strain rate for the fiber orientations examined.  
· The stress remains constant with further increase in strain rate after achieving a certain 
maximum value of ultimate stress.  
· Contrary to the behavior of the maximum stress value, the ultimate strain value increases 
continuously with increasing strain rate.   
· The strain rate sensitivity of balanced angle-ply composite materials is observed to be 
strongly dependent on the fiber orientation. Even though fibers are strain rate insensitive, 
the strain rate effect on the ultimate stress and ultimate strain values gets more 
pronounced with decreasing fiber angle. This could be explained by the following 
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hypotheses, that is, the mode of failure of fiber reinforced composite materials is the 
determining factor of the strain rate sensitivity magnitude.  
· A relatively smooth decrease in maximum stress and strain values with increase in fiber 
orientation angle has been obtained. This is contrary to the observations made for off-axis 
unidirectional fiber laminates, which shows sudden decrease in stress and strain for 60o 
off-axis fiber orientation due to shear failure caused by the in-plane shear stresses. This 
mode of failure is avoided due to the inherent behavior of balanced angle ply laminates.  
· The modulus values generally show an appreciable increase in dynamic testing as 
compared to the static ones.  
· Delamination and matrix cracking are found to be the dominant modes of failure for 
dynamically tested specimens.       
Syntactic foams: 
· Almost twofold increase in the maximum stress is seen for the samples tested at the strain 
rate of about 1700s-1 as compared to their quasi-static values. The strain rate sensitivity of 
maximum stress is found to vary with density of the foam and the strain rate range.  
· Strain at maximum stress is found to be almost constant for foams containing all types of 
cenospheres. The failure strain values are observed to increase with increasing 
cenosphere internal radius. Strain rate sensitivity of failure strain for syntactic foam 
depends on the density of the foam and the applied strain rate.  
· Continuous increase in modulus unlike metallic foams is seen with increasing strain rate 
due to viscoelastic nature of polymeric matrix.  
· Increase in energy absorbed at a particular strain value is observed for all type of foams 
as a result of increased strain rate. 
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·  Failure initiated by shear at one of the specimen ends found to propagate along the 
length of the specimen creating flat fracture surfaces showing its ‘perfect brittle-like’ 
character. The crack doesn’t deviate its path to avoid the harder cenospheres until it 
causes the ultimate fracture of the specimen unlike the one observed under low strain rate 
conditions.   
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